###### Strengths and limitations of this study

-   Use of an online questionnaire enabled recruitment of larger numbers of patients with amyotrophic lateral sclerosis (ALS) and controls than previously available for this type of study.

-   The larger numbers of respondents allowed for statistically robust separate analyses of male and female length of the index finger (2D) to the ring finger (4D) ratios.

-   The accuracy of self-measured finger lengths was validated by the finding of similar gender differences (2D\<4D in males, 2D≥4D in females) to those reported in previous studies.

-   This was an international study, with comparable national, ethnic and cultural backgrounds in ALS and non-ALS respondents.

-   Although patients with ALS had to self-report their disease status, self-reporting of ALS compared with physician\'s assessments has been shown to be accurate in over 90% of participants.

-   10% of ALS patients and 2% of controls were unable to straighten their fingers to provide measurements.

-   Numbers of respondents are too limited to investigate interethnic and internation 2D:4D differences.

-   More random errors and larger SD are generally found in self-reported data.

Introduction {#s1}
============

Gender differences in the ratio of the length of the index finger (2D) to the ring finger (4D) (2D:4D) have been studied for over a century, with a lower mean ratio (ie, 2D\<4D) being repeatedly found in males compared with females,[@R1] though with considerable overlap. The smaller average male 2D:4D is considered to be due to increased amounts of intrauterine testosterone relative to oestrogen.[@R4] The reason for this appears to be that during development the fetal ring finger has more plentiful androgen and oestrogen receptors than the index finger and so grows longer in the presence of a relative excess of testosterone.[@R6]

The 2D:4D has been used as an index of prenatal hormone exposure in a variety of physiological and psychological conditions, including athletic ability and strength,[@R3] fertility,[@R4] various behaviours[@R11] and sexual orientation.[@R12] The ratio has also been reported to be different in diseases where gender imbalances can be marked or in which prenatal influences are suspected, including breast cancer,[@R13] prostate cancer,[@R14] Alzheimer\'s disease[@R15] and multiple sclerosis.[@R16]

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND), is a progressive neurodegenerative disease with a usual postdiagnosis survival time of 2--5 years.[@R17] A previous study reported a lower mean 2D:4D in patients with ALS compared with controls.[@R18] However, subject numbers in this study were too limited to detect the lower 2D:4D usually reported in males. To see if the results of this study could be validated with a larger number of subjects, we used data from an international online questionnaire[@R19] in which ALS and non-ALS respondents self-measured the lengths of their ring and index fingers.

Methods {#s2}
=======

Setting {#s2a}
-------

This is a case--control study using data from an international, multilingual, web-based questionnaire ('ALS Quest') designed to look for risk factors for ALS. Details on the design and implementation of the questionnaire have been published.[@R19] The full questionnaire, which uses Qualtrics survey software, can be viewed at www.alsquest.org and completed online. A PDF version of the questionnaire is available for downloading as online [supplementary file S1](#SP1){ref-type="supplementary-material"}.
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Responses to the questionnaire collected between January 2015 and February 2017 were used for analysis. Respondents for the questionnaire were recruited via national and state ALS/MND associations, national ALS registries, the internet and social media. No personally identifying data were collected to allow the respondents to remain anonymous. The project was approved by the Human Ethics Committee of the Sydney Local Health District.

Cases were respondents who replied to a question about having been diagnosed as having ALS with 'Yes, I have been diagnosed with ALS/MND'. Controls were participants who answered this question with 'No, I have not been diagnosed with ALS/MND'. To maintain anonymity, information on disease status was not requested from attending physicians but was self-reported.

Finger measurements {#s2b}
-------------------

The guide on how to perform finger measurements consisted of a diagram ([figure 1](#F1){ref-type="fig"}) together with the following instructions: 'Please measure the lengths of your index (second) and ring (fourth) fingers on each hand. The diagram below shows you how to make the measurements. If you can only straighten out the fingers on one hand, only record the measurements for that hand. If possible, please take off any rings prior to measuring your fingers. First lay the back of your hand out flat on a level surface, with your fingers together. Then, with a rigid millimetre ruler (not a tape measure), measure from (1) the tip of the finger to (2) the middle of the crease at the bottom of the finger. The ring finger often has two of these creases, so here measure from the crease that is closest to the wrist'. Drop-down lists with numbers ranging from 35 to 135 mm allowed respondents to select the relevant finger lengths.

![The diagram that appears in the online questionnaire to assist respondents to measure their finger lengths.](bmjopen-2017-016924f01){#F1}

Other data analysed {#s2c}
-------------------

Other questionnaire data used in the study (answers mostly selected from drop-down lists) were: date when consent was given to conduct the questionnaire, age, gender, country of residence, country of birth, ancestry, cultural group, dominant hand and family history of ALS. People with ALS were asked their date of diagnosis, subtype of ALS and to complete the ALS Functional Rating Scale (ALSFRS-R)[@R20] which for this study was scored in reverse so that higher scores indicated more advanced disease.

Statistical analyses {#s2d}
--------------------

Data from the survey software were transferred to a Microsoft Excel file, where 2D:4Ds were calculated by dividing the length of the index finger by the length of the ring finger. IBM SPSS Statistics for Macintosh (V.22) and GraphPad Prism V.7 were used to create percentage frequency histograms, calculate unpaired t-tests with 95% CIs to compare means and perform Pearson\'s test for correlations. Receiver operating characteristic (ROC) curves assessed the sensitivity and specificity of 2D:4Ds to distinguish between ALS and controls. Effect sizes were calculated using G\*Power.[@R21] Significance was assessed at the 0.05 level.

Exclusion criteria {#s2e}
------------------

Respondents were excluded from analysis ([figure 2](#F2){ref-type="fig"}) if they: (1) could not straighten the fingers of both their hands, (2) did not answer the finger length question, (3) had extreme outlier results (identified on SPSS as being more than three times the IQR) and (4) were under the age of 40 years (to limit the number of control respondents who might later be diagnosed with ALS) or did not answer the age question.

![Flow chart of the selection of study respondents. ALS, amyotrophic lateral sclerosis.](bmjopen-2017-016924f02){#F2}

Results {#s3}
=======

Cases and controls {#s3a}
------------------

Extreme outliers were five 2D:4D results and one left hand/right hand 2D:4D difference; when these were excluded, all self-measured values produced ratios ranging from 0.8 to 1.2, the range considered to be likely to reflect real values.[@R22] After all exclusion criteria were applied, the original number of 949 respondents was reduced to a final dataset number of 572 ([figure 2](#F2){ref-type="fig"}). These remaining respondents comprised 202 ALS cases (125 male, 77 female) and 370 non-ALS controls (112 male, 258 female). The mean age of ALS patients was 61.7 years (SD 9.1 years, range 40--83 years) and of controls was 57.4 years (SD 10.4 years, range 40--86 years). Original finger length measurements from the analysed respondents (with genders and ages) are available as online [supplementary file S2](#SP2){ref-type="supplementary-material"}.
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Sources of information about the questionnaire {#s3b}
----------------------------------------------

The most common sources of information about the questionnaire cited by respondents were: ALS associations (36% of respondents), the internet (22%), friends (9%), patients with ALS (7%), health professionals (6%), community groups (5%), Facebook (4%), the USA CDC National ALS Registry (3%), the Canadian Neuromuscular Disease Registry (2%) and ALS researchers (2%).

Demographic and clinical characteristics {#s3c}
----------------------------------------

The composition of the ALS and control groups was similar with regards to country of birth, country of residence, ancestry and cultural group ([table 1](#T1){ref-type="table"}). The majority of respondents resided in Australia, the USA and Canada, though residents of a further 26 countries supplied responses. As reported by the ALS respondents, 52% had 'classic' (upper and lower motor neuron variant) ALS, 10% progressive bulbar palsy, 10% primary lateral sclerosis (upper motor variant), 7% progressive muscular atrophy (lower motor neuron variant), 9% 'other' and 9% did not know their subtype of ALS. Seven per cent of ALS patients had a relative with ALS and were classified as 'familial' ALS. Most controls (68%) reported no relatives with ALS, whereas 24% had one relative with ALS and 8% had more than one relative with ALS.

###### 

Demographic characteristics of respondents

  ALS                    n (%)     Control               n (%)
  ---------------------- --------- --------------------- -----------
  Country of birth                                       
   USA                   72 (36)   Australia             228 (62)
   Australia             55 (27)   Other (\<3% each)     65 (18)
   Canada                32 (16)   USA                   33 (9)
   Other (\<3% each)     22 (11)   UK                    23 (6)
   UK                    11 (5)    South Africa          10 (3)
   South Africa          5 (3)     Spain                 10 (3)
   Spain                 5 (3)                           
  Country of residence                                   
   USA                   73 (36)   Australia             282 (76)
   Australia             69 (34)   USA                   39 (11)
   Canada                38 (19)   Other\* (\<1% each)   27 (7)
   Other\* (\<3% each)   12 (6)    Canada                5 (1)
   South Africa          5 (3)     New Zealand           5 (1)
   Spain                 5 (3)                           
  Ancestry                                               
   Other (\<6% each)     82 (41)   Other (\<4% each)     125 (34%)
   Australian            34 (17)   Australian            105 (28)
   English               28 (14)   English               66 (18)
   American              16 (8)    Irish                 35 (10)
   Irish                 16 (8)    British               20 (5)
   Canadian              13 (6)    Scottish              15 (4)
   German                13 (6)                          
  Cultural group                                         
   Australian            57 (28)   Australian            238 (64)
   American              43 (21)   Other (\<2% each)     63 (17)
   Other (\<3% each)     43 (21)   American              24 (7)
   Canadian              29 (14)   English               22 (6)
   English               17 (8)    Spanish               10 (3)
   German                6 (3)     Dutch                 8 (2)

\*Other countries of residence (in alphabetical order): Argentina, Belgium, Brazil, China, Colombia, Denmark, Ecuador, Egypt, Finland, Germany, Iran, Ireland, Italy, Japan, Lebanon, Luxembourg, Mexico, the Netherlands, Portugal, Russia, Slovakia, South Korea, Sweden, Switzerland, Turkey and UK.

Some subsets do not add up to the total number of respondents because of answers to particular questions not being given.

ALS, amyotrophic lateral sclerosis.

Comparison of 2D:4Ds between males and females {#s3d}
----------------------------------------------

Left and right hand 2D:4Ds were significantly smaller in males compared with females, both in patients with ALS and controls ([figure 3](#F3){ref-type="fig"}). The mean difference was slightly greater in patients with ALS than in controls ([table 2](#T2){ref-type="table"}).

###### 

Differences in mean 2D:4D ratios (with p values and effect sizes) between males and females, and between patients with ALS and controls

  Groups (n)                Mean 2D:4D (SD)   Mean 2D:4D difference (95% CI)   p Value   Effect size (d)
  ------------------------- ----------------- -------------------------------- --------- -----------------
  Male--female left hand                                                                 
   Male control (112)       0.978 (0.0467)    −0.015 (-0.026 to −0.0028)       0.016     0.28
   Female control (258)     0.993 (0.0557)                                               
   Male ALS (124)           0.979 (0.0521)    −0.017 (-0.032 to −0.0017)       0.029     0.32
   Female ALS (75)          0.996 (0.0537)                                               
  Male--female right hand                                                                
   Male control (111)       0.979 (0.0461)    −0.014 (-0.025 to −0.0023)       0.019     0.28
   Female control (258)     0.993 (0.0542)                                               
   Male ALS (124)           0.978 (0.0508)    −0.017 (-0.032 to −0.0026)       0.021     0.34
   Female ALS (77)          0.995 (0.0529)                                               
  Control--ALS left hand                                                                 
   Male control (112)       0.978 (0.047)     −0.00094 (-0.014 to 0.012)       0.884     
   Male ALS (124)           0.979 (0.0521)                                               
   Female control (258)     0.993 (0.0557)    −0.0033 (-0.018 to 0.011)        0.649     
   Female ALS (75)          0.996 (0.0537)                                               
  Control--ALS right hand                                                                
   Male control (111)       0.979 (0.0461)    0.0013 (-0.011 to 0.014)         0.835     
   Male ALS (124)           0.978 (0.0508)                                               
   Female control (258)     0.993 (0.0542)    −0.0022 (-0.016 to 0.012)        0.751     
   Female ALS (77)          0.995 (0.0529)                                               

2D:4D, ratio of the length of the index finger (2D) to the ring finger (4D); ALS, amyotrophic lateral sclerosis.

![Differences in mean 2D:4Ds between male and females (upper segment, orange) and between patients with ALS and controls (lower segment, black). Mean 2D:4Ds (filled circles) are significantly smaller in males compared with females, in both control and ALS groups. No differences are seen in mean 2D:4Ds between control and ALS respondents, for either males or females, with the mean differences all close to zero, and the 95% CIs (bars) spanning the zero difference (dotted line). 2D:4D, ratio of the length of the index finger (2D) to the ring finger (4D); ALS, amyotrophic lateral sclerosis](bmjopen-2017-016924f03){#F3}

Comparison of 2D:4Ds between patients with ALS and controls {#s3e}
-----------------------------------------------------------

Because of the mean 2D:4D differences found between our male and females, comparisons between ALS and control groups were undertaken in males and females separately. The frequency distributions of 2D:4Ds from both the left and right hands of ALS and control respondents were similar ([figure 4](#F4){ref-type="fig"}). No significant differences in mean 2D:4Ds were seen between ALS and controls groups, in either the left or right hands, of either males or females ([figure 3](#F3){ref-type="fig"}, [table 2](#T2){ref-type="table"}). Mean 2D:4Ds differed at only the third decimal place between these groups, and the 95% CIs spanned the zero difference in means ([figure 3](#F3){ref-type="fig"}).

![Overlapping histograms show the similar percentage frequency distributions of 2D:4Ds between ALS and control respondents, for both males (A: left hand, B: right hand) and females (C: left hand, D: right hand). 2D:4D, ratio of the length of the index finger (2D) to the ring finger (4D); ALS, amyotrophic lateral sclerosis.](bmjopen-2017-016924f04){#F4}

ROC curves of left and right hands showed that 2D:4Ds did not predict ALS status in either males or females ([figure 5](#F5){ref-type="fig"}). The curves were close to the diagonal along the line of no-discrimination, with areas under the curve close to 0.5, indicating that the 2D:4Ds were neither sensitive nor specific to ALS status.

![Receiver operating characteristic curves of 2D:4Ds in both males (**A**) and females (**B**) are close to the diagonal line of no-discrimination (not drawn since it would obscure the curves). Areas under the curve are close to 0.5, indicating that the 2D:4Ds are neither sensitive nor specific to ALS status. 2D:4D, ratio of the length of the index finger (2D) to the ring finger (4D); ALS, amyotrophic lateral sclerosis.](bmjopen-2017-016924f05){#F5}

Rate of ALS progression {#s3f}
-----------------------

An estimate of the rate of ALS progression was obtained by dividing the reverse ALSFRS-R score by the number of months since diagnosis. The rate of ALS progression did not correlate significantly with 2D:4D, in either the left hand (r 0.072, p 0.317) or the right hand (r 0.082, p 0.251), indicating the ratio had no influence on disease progression.

Sporadic and familial ALS {#s3g}
-------------------------

People with sporadic ALS (93% of cases) had no significant differences in 2D:4Ds to those with familial ALS (7%), for either the left or right hands, in either males or females. Similarly, no significant differences were seen in 2D:4Ds between non-ALS controls who had either no family member with ALS (68%), one family member with ALS (24%) or two or more family members with ALS (8%), for either hand in either gender.

Left--right symmetry of finger lengths and 2D:4Ds {#s3h}
-------------------------------------------------

No significant differences were found between the lengths of the left and right index fingers, or the left and right ring fingers, in either gender or either disease status group, indicating no asymmetry of left-right finger lengths in our respondents.

No significant differences between left and right hand 2D:4Ds of individual respondents were found, suggesting that respondents did not have difficulty measuring fingers of either their left or right hands. 2D:4Ds were also compared between male/female and ALS/control groups using dominant or non-dominant hands for measuring (85% of respondents were right-hand dominant, 10% left-hand dominant and 5% ambidextrous). The results of these analyses were the same as above (ie, males had lower 2D:4Ds, but no 2D:4D differences were found between patients with ALS and controls), indicating that use of the non-dominant hand to hold the ruler did not affect measurements.

Discussion {#s4}
==========

We found no differences in mean 2D:4Ds between ALS and non-ALS respondents, with males and females being analysed separately, and 2D:4Ds had no ability to predict ALS status. This was despite our dataset being large enough to confirm the established lower mean 2D:4D found in males compared with females.

Internet surveys are able to gather data from large numbers of participants, but concerns have been raised about superficial answering of questions and multiple responses from individuals.[@R23] These would be unlikely in the present survey, with most respondents either having the serious condition of ALS or having knowledge about the disease. Furthermore, the ALS Quest survey is detailed and extensive, taking most respondents about 2 hours to complete, often in multiple sessions, so respondents who complete the survey are likely to be motivated to give accurate data. Multiple answers are also not likely since the questionnaire is set up to allow only one response per internet browser/computer.

An important issue concerns the accuracy of the self-measured finger lengths in this study. Comparisons between large numbers of Internet and conventionally collected survey data have shown consistency with researcher-measured samples.[@R23] Web-based 2D:4D measurements appear to add some random noise to the data, but do not lead to systemic errors.[@R24] When self-reported finger measurements were compared with those measured on photocopies by researchers, the self-reported lengths were found to be valid for the study of 2D:4D, provided outliers were removed and large sample numbers were available.[@R25] These recommendations were followed in the present study: after a few extreme outliers (only 1% of the total) were removed, our self-reported 2D:4Ds produced ratios ranging from 0.8 to 1.2. Values within this range are considered to represent real values, as reported in another online 2D:4D study.[@R22] Nevertheless, the 2D:4D ratios in our study have larger SD than those in an experimenter-measured finger length study.[@R26] Our calculated 2D:4Ds therefore have relatively high levels of random error, with weakening of any relationships between 2D:4D and ALS. This can also be seen from our gender difference findings, which while significant and being close to those previously reported,[@R27] had smaller effect sizes, with a reduction from d values of 0.5--0.6 in experimenter-measured studies[@R26] to 0.25--0.35 in our online study. This emphasises the need for large numbers of subjects in web-based 2D:4D studies.

Ideally, to be able to confidently exclude small between-group differences in 2D:4D, future studies in ALS would be of about 200 male and female ALS and control subjects (ie, 800 subjects in all). In addition to direct experimenter measurements of finger lengths, it would be useful to photograph the hands under consistent conditions (eg, image size, lighting, camera--finger distance) and use a computer-based measurement tool on the images to assess inter-rater and test--retest reliability. However, undertaking such a large study in a single clinical setting would be difficult. As a rule of thumb, any study that is insufficiently powered to detect the known gender differences in 2D:4D is unlikely to be able to detect biologically significant 2D:4D differences between disease and control groups.

Other limitations of our study are: (1) in order for respondents to remain anonymous they had to self-report their ALS status. We could not therefore classify their types of ALS using El Escorial criteria or more recently suggested classification methods.[@R28] However, self-reporting of ALS status has previously been found to be 94% accurate when compared with physicians' responses.[@R29] Indirect confirmation of an accurate ALS diagnosis is suggested by 88% of ALS respondents being able to choose their subtype of ALS via a multiple choice question (patients were encouraged to contact their physician if they were unsure of their subtype) and by 98% of ALS respondents completing the ALSFRS-R, which when completed online has been shown to compare well with clinical evaluation. (2) The results may be biased towards selecting people with early ALS, since people with advanced ALS are those who would be most likely to be unable to straighten their fingers for measurements. However, there is no evidence that the pathogenesis of ALS differs between the early and later stage of the disease, so this should not affect our conclusions. (3) Some people with ALS have cognitive deficits[@R30] and so may not have been able to measure their fingers accurately. However, it is unlikely that anybody with a clinically significant cognitive deficit would have been able to complete the extensive online questionnaire.

Our results do not corroborate the findings of a previous study that suggested the 2D:4D is lower in patients with ALS than in controls.[@R18] This study had modest numbers of participants, with 33 ALS males (70%) and 14 ALS females (30%), compared with 20 control males (32%) and 43 control females (68%). The combination of an excess of males (with gender-related 2D\<4D) in the ALS group and an excess of females (with gender-related 2D≥4D) in the control group could have led to a finding of a decreased mean 2D:4D in the ALS group, though raw results were not available to test this. The authors of this study acknowledge that insufficient numbers were available to look for 2D:4D gender differences.[@R18] Our failure to replicate the results of this study are perhaps not surprising, given that it is androgen deficiency that affects motoneurons adversely,[@R31] so androgen excess during development (which causes a low 2D:4D) would not a priori be expected to be a risk factor for later motoneuron loss.

A lower 2D:4D ratio is found in people who have athletic ability.[@R3] Based on the previous report of a lower 2D:4D in ALS patients,[@R18] it was hypothesised that the suspected association of physical activity with ALS is because people with ALS have a prenatal disposition to both ALS and athleticism due to exposure to higher prenatal testosterone, rather than the physical activity itself being responsible for the increased ALS risk.[@R18] Our finding of no lower 2D:4D in ALS makes this hypothesis unlikely. Moreover, the evidence for physical activity as a risk factor for ALS has recently been questioned.[@R35] However, if further studies confirm this ALS--exercise link, other reasons for physical activity being associated with ALS need to be considered, such as those listed for football (soccer) players who have an increased risk of ALS, which include the use of toxic substances to improve performance, exposure to environmental toxins such as fertilisers or herbicides on playing fields or sport-related trauma.[@R36] A further suggestion that has been put forward to explain an ALS--exercise link is that exercise increases transmission of circulating toxicants across the neuromuscular junction into motor axons, from where the toxicants travel to the motoneuron cell body by retrograde axonal transport and trigger the disease.[@R37]

Three future 2D:4D studies could be undertaken once more responses to international questionnaires such as ours are available. (1) A study using self-measured finger lengths has shown that the 2D:4D varies with ethnicity[@R38] (this would not have affected our results since our respondents were mostly of European origin). In addition, 2D:4Ds may be different within gene pools from people of the same ethnicity.[@R39] Examination of ALS-related 2D:4D differences in various ethnic groups and between different nations will be possible once more respondents from other ethnic groups and countries provide relevant finger length data. (2) The 2D:4D appears to be lower in people born in late autumn, possibly because of the effects of melatonin on fetal testosterone.[@R40] This time of season overlaps with the same period (late summer to early winter) in which ALS birth rates have been reported to be increased.[@R41] A future study on season/ALS/2D:4D interactions will be possible once sufficient data on these variables are collected. (3) Between-nation gender differences in 2D:4D have been described,[@R42] so it would be of interest to gather sufficient numbers of ALS and control responses from different countries to be able to compare 2D:4Ds between these countries.

In conclusion, our online case--control study found no differences between the 2D:4Ds of ALS and non-ALS respondents. The study does not therefore support the hypothesis that exposure to prenatal testosterone is a risk factor for ALS. If physical activity is confirmed to be a risk factor for ALS, reasons other than a low 2D:4D need to be sought to explain this association. Future studies of ethnic, time-of-birth and multination subgroups may detect more nuanced relationships between ALS and 2D:4D when data from larger numbers of ALS and non-ALS respondents become available.
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